Electron bulk heating during magnetic reconnection with symmetric inflow conditions is examined using kinetic particle-in-cell (PIC) simulations. Inflowing plasma parameters are varied over a wide range of conditions, and the increase of electron temperature is measured in the exhaust well downstream of the x-line. The degree of electron heating is well correlated with the inflowing Alfvén speed c Ar based on the reconnecting magnetic field through the relation ∆T e = 0.033 m i c 2 Ar , where ∆T e is the increase in electron temperature. For the range of simulations performed, the heating shows almost no correlation with inflow total temperature T tot = T i + T e or plasma β. An out-of-plane (guide) magnetic field of similar magnitude to the reconnecting field does not affect the total heating, but it does quench perpendicular heating, with almost all heating being in the parallel direction. These results are qualitatively consistent with a recent statistical survey of electron heating in the dayside magnetopause (Phan et al, Geophys. Res. Lett., 40, doi:10.1002/grl.50917, 2013), which also found that ∆T e was proportional to the inflowing Alfvén speed.
Electron bulk heating during magnetic reconnection with symmetric inflow conditions is examined using kinetic particle-in-cell (PIC) simulations. Inflowing plasma parameters are varied over a wide range of conditions, and the increase of electron temperature is measured in the exhaust well downstream of the x-line. The degree of electron heating is well correlated with the inflowing Alfvén speed c Ar based on the reconnecting magnetic field through the relation ∆T e = 0.033 m i c 2 Ar , where ∆T e is the increase in electron temperature. For the range of simulations performed, the heating shows almost no correlation with inflow total temperature T tot = T i + T e or plasma β. An out-of-plane (guide) magnetic field of similar magnitude to the reconnecting field does not affect the total heating, but it does quench perpendicular heating, with almost all heating being in the parallel direction. These results are qualitatively consistent with a recent statistical survey of electron heating in the dayside magnetopause (Phan et al, Geophys. Res. Lett., 40, doi:10.1002/grl.50917, 2013), which also found that ∆T e was proportional to the inflowing Alfvén speed.
The net electron heating varies very little with distance downstream of the x-line.
The simulations show at most a very weak dependence of electron heating on the ion to electron mass ratio. In the antiparallel reconnection case, the largely parallel heating is eventually isotropized downstream due a scattering mechanism such as stochastic particle motion or instabilities. The simulation size is large enough to be directly relevant to reconnection in the Earth's magnetosphere, and the present findings may prove to be universal in nature with applications to the solar wind, the solar corona, and other astrophysical plasmas. The study highlights key properties that must be satisfied by an electron heating mechanism: (1) Preferential heating in the parallel direction; (2) Heating proportional to m i c 
I. INTRODUCTION
Magnetic reconnection is a universal plasma process which converts stored magnetic energy into particle energy. The process is believed to be important in many astrophysical, solar, geophysical, and laboratory contexts. An important unresolved problem in reconnection research is to understand what controls electron energization in reconnection exhausts.
Past investigations have explored suprathermal electron energization, both observationally [e.g., Ref. 3, 10, 22, 25, and 30] and theoretically [e.g., Ref. 12, 16, 22, and 28] . However, an even more basic problem is the reconnection associated thermal heating of electrons.
By thermal heating, we mean heating of the core population and not the energetic tail of the distribution. Space observations suggest that the degree of thermal heating depends on plasma parameters. Strong heating is typically observed in reconnection exhausts in Earth's magnetotail 1 , while much weaker heating occurs in magnetopause 19, 26 and solar wind exhausts 18, 29 .
These disparate space observations may be consistent with the heating being primarily controlled by inflow conditions. In a recent statistical observation study 26 , the degree of electron bulk heating in asymmetric reconnection exhausts at the Earth's magnetopause was best correlated with the asymmetric outflow velocity 7,32 C 2 A−asymm . A best fit to the data produced the empirical relation: ∆T e = M T e m i C 2 A−asymm , where M T e is a constant with M T e = 0.017, the "∆"refers to the change in temperature from the magnetosheath inflowing plasma and T e is related to the trace of the full electron temperature tensor T e as T e = Tr [T e ]/3. The linear dependence of the heating indicates that the heating is proportional to the inflowing magnetic energy per proton-electron pair. It was also found in that study that perpendicular heating is substantially reduced in the presence of a strong guide field.
Simulation case studies have examined electron temperatures and distributions during reconnection, finding that heating and associated anisotropies can be generated due to many mechanisms such as acceleration in the reconnection electric field, turbulent waves excited by Hall electric currents, betatron acceleration, Fermi reflection on curved moving field lines, and trapped electron populations due to parallel electric fields [e.g., Ref. 9, 12, 14, 17, 20, 21, 24, and 33] . A more recent kinetic PIC simulation study found that the dominant energization mechanism was Fermi reflection for nearly antiparallel reconnection and both Fermi reflection and parallel electric fields for stronger guide fields 11 . A laboratory analysis of reconnection found that electrons are primarily energized close to the x-line with this energy transferred into the exhaust via heat conduction 34 . In terms of theory and modeling, it is currently unclear how different reconnection conditions modify the magnitude of the electron heating and the heating mechanism. What is currently needed is a systematic simulation study of the degree of thermal electron heating in the exhaust region of magnetic reconnection and how it depends on a variety of inflow parameters. Such a study will directly test whether simulations can reproduce results consistent with observations, and will provide a testbed for determining the ultimate cause of the electron heating.
We perform a series of fully kinetic particle-in-cell simulations examining the scaling of the electron heating for a range of inflow conditions and parameters. In this initial study, we choose first to focus on the simpler case of symmetric reconnection, which will provide context when the more complicated asymmetric reconnection is examined at a later date. Even so, the key findings in terms of scaling with the inflow Alfvén speed ( ∆T e ∝ m i C 2 Ain ) and the anisotropy of heating are remarkably similar to the asymmetric reconnection observations 26 , suggesting that this scaling is generic to reconnection.
The results have the following implications for an electron heating mechanism: (1) Preferential heating in the parallel direction; (2) Heating proportional to m i c The present paper is organized as follows. In Section II, the theoretical context for electron heating during magnetic reconnection is examined. Section III describes the numerical simulations in this study. Section IV gives an example simulation. Section V describes how the degree of electron heating is determined from the simulations. Section VI describes the scaling of the heating. Section VII examines the effect of electron to ion mass ratio on the heating. Section VIII is the discussion and conclusion section.
II. THEORY
In order to give context to the analysis of simulation data, we examine the heating using Sweet-Parker reconnection theory (a control volume analysis). For full generality, we first perform the analysis on asymmetric reconnection and then take the symmetric limit for application to this study. Our analysis is similar to previous Sweet-Parker analyses of asymmetric reconnection 4, 7 . 
Ignoring the typically small incoming kinetic energy K 1 and K 2 and heat flux Q 1 and Q 2 , this equation can be rewritten:
Dividing by the incoming Poynting flux yields 1 ≈ R S + R H + R K + R Q , where each R term represents the fractional amount of energy (relative to the converted magnetic energy) which leaves the diffusion region as each energy type. This study is focused the amount of energy going into heating, which is directly related to the enthalpy flux leaving the diffusion region.
This fractional enthalpy flux can be broken up into contributions from the ions and electrons as R H = R Hi + R He . For this study, we focus on the fractional electron enthalpy flux R He which is written using the definition of enthalpy as:
where Γ ≡ γ/(γ − 1), with γ the ratio of specific heats. It is assumed that the inflowing Γ is equal to the outflowing Γ, the applicability of which will be discussed in Section VIII. Note that we have written S 1 = (c/4π) E z B 1 , with a similar relation for S 2 . By doing so, we have discounted any Poynting flux associated with the out-of-plane (guide) magnetic field alonĝ z. Because little B z energy is expected to be released in the diffusion region, this is a good approximation.
Using continuity, 2δ n o u o ≈ D (n 1 u 1 + n 2 u 2 ), along with u 1 = cE z /B 1 and u 2 = cE z /B 2 , yields a relation for R He :
with the definitions:
The form of T ein results from the fact that T e1 and T e2 are convected into the diffusion region with different velocities; it is the temperature of the outflowing plasma if there were only mixing and no heating. Therefore, to measure the actual change in thermal energy requires
Note that u o is the outflow velocity for asymmetric reconnection 7, 32 .
o represents the available inflowing magnetic free energy per proton-electron pair, which can be shown by dividing the incoming Poynting flux by the inflowing particle density flux:
Note that the simulations in this study and observations of reconnection are not in thermodynamic equilibrium, with non-gaussian distribution functions and multiple beams. For that reason there is uncertainty as to the most appropriate value of Γ to use for the outflowing plasma. We focus therefore simply on the ratio:
M T e is a quantity that can be determined in a straightforward manner from each reconnection simulation, and is proportional to the amount of inflowing magnetic energy converted into electron heating. An important question regards the variation of M T e with changing inflowing parameters. It seems quite plausible that the percentage of magnetic energy converted to electron heating during magnetic reconnection would have a dependence on inflow conditions. If, on the other hand, M T e is a constant for a wide range of inflowing parameters, then the percentage of inflowing magnetic energy converted into electron heating is a constant.
In the symmetric reconnection limit, Eq. 9 simplifies to M T e = (T eo − T ein )/(m i c 
Even if 50% of the available inflowing magnetic energy is converted to bulk outflow energy, there will still be ample remaining magnetic energy to simultaneously heat the plasma.
III. SIMULATION INFORMATION
We use the parallel PIC code P3D small magnetic perturbation is used to initiate reconnection. Each simulation is evolved until reconnection reaches a steady state, and then during the steady-state period the simulation data is time averaged over 100 particle time steps, which is typically on the order of 50 electron plasma wave periods ω −1
pe . In order to examine the effect of inflowing plasma conditions on electron heating, the initial simulation inflow parameters are varied over a range of values shown in Table I . A striking property of the heating in Figure 2f is that both the near and far exhausts are characterized by a nearly constant T e . The constancy of T e with distance downstream of the x-line implies that electrons are continually being heated in the exhaust, with heating being just enough to bring the inflowing unheated plasma up to the exhaust temperature. The lack of perpendicular heating in the near exhaust implies that the heating mechanism first heats electrons along the parallel direction, with this parallel energy later being scattered into the perpendicular direction.
V. DETERMINATION OF HEATING
We determine the downstream heating by examining a slice along y in the exhaust at while T e stays relatively constant. Evidently, the electron thermal energy is simply being transferred between the perpendicular and parallel directions.
To determine the heating occurring in the outflow exhaust, we calculate the spatial average of the temperature in the exhaust T e , and subtract the average inflow temperature T ein ,
yielding ∆T e = T e − T eup . We calculate the anisotropic heating ∆T e|| , ∆T e⊥ , and the total electron heating ∆T e = (∆T e|| + 2 ∆T e⊥ )/3. For Figure 3 
VI. SCALING OF HEATING
The scaling of the heating for 56 simulations is shown in Figure 4 : ( To verify that parameters such as β and temperature are not playing a primary role in determining the heating, in Figure 5 we plot the dependence of electron heating on the inflowing values of (a) β r and (b) T tot = T i +T e . β r is determined using the reconnecting magnetic field component. Care must be taken in analyzing the results because the simulation space does not fill in all of parameter space. We therefore organize the data points by the asymptotic upstream Alfvén speed: (black) c The reason for this behavior is that lower β cases exhibit stronger electron beaming relative to the electron thermal velocity and thus are much more susceptible to two-stream instabilities and electron hole formation 8 . In Figure 6 , these instabilities are apparent in ∆T e|| for the low β case as spatial fluctuations which onset simultaneously with the heating about 10 d i0 downstream of the x-line. In contrast, the higher β case has a much smoother ∆T e|| , until around x = 75 d i0 , where oscillations become apparent. These may be due to a firehose-type instability, which isotropizes the electron temperature.
The guide field case is fundamentally different from the anti-parallel cases. The heating in the exhaust is strongly asymmetric along the normal direction (along y), and there is almost no ∆T e⊥ . These findings provide evidence that the heating mechanism or mechanisms first heat the electrons along the parallel direction which then scatters into the perpendicular direction.
VII. MASS RATIO DEPENDENCE OF HEATING
An important question regards whether there is a mass dependence on the electron heating, as a realistic mass ratio is beyond the current supercomputer capabilities for a large scale statistical study such as this. Clearly, from Extending this fit to a realistic mass ratio of m i /m e = 1836, we find M T e = 0.020. This value is much closer to the experimental value from Phan et al., 2013 of 0.017, which is plotted as an asterisk in Figure 7 . Thus, this weak mass ratio dependence is one possible explanation for the difference between the magnetopause observations findings and this simulation study.
VIII. DISCUSSION AND CONCLUSIONS
A systematic kinetic-PIC simulation study of the effect of inflow parameters on the electron heating due to magnetic reconnection has been performed.We find that electron heating is well characterized by the inflowing Alfvén speed through the relation ∆T e = M T e m i c 2 Ar , where M T e is a constant of 0.033. For the range of inflow parameters performed, the heating shows almost no correlation with total temperature T tot = T i + T e or plasma β. A guide field of similar magnitude to the reconnecting field quenches perpendicular heating, with almost all heating being in the parallel direction. These findings are qualitatively consistent with a recent observational study of electron heating 26 , which also found that ∆T e was proportional to the inflowing Alfvén speed. A significant point regarding the simulation/observation comparison is that the observational study examined asymmetric inflow conditions while the simulations were of symmetric reconnection. Such an agreement implies that there may be a generic heating mechanism at work, and makes a case for the universality of the results of this study and the observational study.
An important question regarding magnetic reconnection is the ultimate fate of the released magnetic energy, i.e., the determination of the R values described in Section II.
MHD theory predicts that significant amounts of the released magnetic energy is converted to thermal energy, even in the incompressible limit There is uncertainty in these percentages because both observations and kinetic PIC simulations exhibit temperature anisotropy in the exhaust (in the simulations the inflowing plasma is nearly isotropic). In a kinetic plasma with a pressure tensor P, the general form for the "kinetic" enthalpy flux is H k = (3/2) u P + u · P, where P ≡ Tr[P] / 3. If T e|| ≫ T e⊥ , for example, the enthalpy flux along the magnetic field line would be 9/5 larger than the isotropic enthalpy flux, while the flux perpendicular to the field line would be 3/5 of the isotropic case. However, a preliminary analysis was performed examining both antiparallel and guide field cases in this study, and it was found that the integrated kinetic enthalpy flux across the exhaust was nearly equal to the predicted isotropic enthalpy flux. results is complicated because some aspects of the analysis methods for the laboratory study and our simulation study are different. For example, unlike our quasi-steady analysis, the laboratory experiment showed significant time dependence which was included in the energy conversion rate.
In all simulations, the heating in the exhaust region near the x-line is initially only in the parallel direction. For some cases, this parallel heating ultimately isotropizes at distances farther from the x-line. This finding implies that the heating mechanism primarily heats the plasma parallel to the magnetic field.
The isotropization of the parallel electron heating during antiparallel reconnection shows significant dependence on the upstream temperature and β. At lower β, streaming instabilities are stronger and thus the isotropization occurs closer to the x-line than for the higher β cases.
A striking clue to the nature of the electron heating is that in the outflow exhaust T e shows little variation with distance from the x-line. Because cold inflowing electrons are continually ejected into the exhaust, this implies that electrons are being continually heated even far from the x-line.
Although the mechanism for electron heating is uncertain at this point, the findings in There exists a parallel potential in the exhaust region 15 , which could lead to parallel heating through the generation of counterstreaming beams. On the other hand, Fermi-bounce heating through contracting magnetic field lines 11,12 also produces preferential parallel heating. A recent kinetic-PIC study 11 which found that electron energization was dominated by the Fermi reflection term 12 for nearly anti-parallel reconnection, and by parallel electric fields and the Fermi mechanism in guide field reconnection. The physical mechanism of the electron heating mechanism will be a topic of a future study.
Energization and heating occurs naturally both at the x-line (e.g., Ref. System size also plays an important role in the simulation relevance. While the simulations in this study are of sizes large enough to be applicable to reconnection in the magnetosphere, they are extremely small relative to distances in the solar wind and on the sun. However, the constancy of T e with distance from the x-line in the simulations gives some credence to the idea that the simulation heating mechanism has converged with system size. Figure 7 . Values given are ion to electron mass ratio (m i /m e ), reconnecting magnetic field strength (B r ), guide magnetic field (B g ), inflowing density n in , inflowing electron temperature (T e ), and inflowing ion temperature (T i ). The "Reference Number" in the final column is for internal indexing of the runs, and should be used when requesting simulation data from the authors. the average values upstream when the electron heating is determined, as is described in Figure 3 .
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